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SUMMARY

{

This paper outlines some of the rescarch activities underway as part of the Air Foree's Learning
Abilitics Measurement Program (LAMP). The major goal of the project is to devise new modclskuf
the nature and organization of human abilitics with the long-term goal of applving those modcels 1o
improve current personncl selection and claswfication systems. As an approach to this ambitious
undertaking, we have divided the activities of the project into two categories. The first category is
concerned with identifying Tundamental fearning abilities by determining how fearners differ in their
abilitics to think, remember, solve problems, and acquire knowledge and skills. From rescarch already

completed, we have established a four-source tramework that assumes that observed learner

)

i
diffcrences are duc o differences in processing speed: processing capacity; and the breadth, extent, and :.-
accessibility of conceptual knowiledge and procedural and strategic skills. The second category of :
rescarch activities is concerned with vahidating new models of learning abilitics. To do this, we are >

]
building a number of computerized intelligent tutoring systems that serve as mini-courses in technical ra

o

arcas such as computer programming and clectronics troubleshooting. A major objective of this part

of the program is to develop principles for producing indicators of student Iearning progress and

-
¥
P

achicvement. Thesc indicators will serve as the learning outcome measures against which newly
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developed learning abilities tests will be evaluated in future validation studies. 7 - ] Ao
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I. INTRODUCTION

Considerable headway has been made during the last decade in our understanding of human
cognition. This has led to speculation that it is only a matter of time before an improved technology for
gauging individuals' intellectual proficiencies will be developed. The stakes are high: Psychological
testing of cognitive preficiency is presently widespread in industry, the schools, and the military.
Improved tests would have a profound cconomic impact in cutting education and training costs and
cnabling a more cfficient and fair systcm of personnel utilization. Although the concept of
psyvehological testing must certainly be considered one of psychology's true success stories, it is also
primarily a past accomplishment, Systematic studies of predictive validity have shown that today's
aptitude tests are no better than those available shortly after World War 11 (Christal, 1981; Kyllonen,

1980).

But even if it is agreed that forces are conspiring to usher in a new era of cognitive testing, there
still is considerable debate on exactly what form these new cognitive tests will take, On one side of the
debate, some argue that what cognitive psychology has to offer is a rationale and & methodology for
measuring basic information processing components (Detterman, 1980; Jensen, 1982; Posner &
McLeod, 1982). According to this view, the copnitive test battery of the future would consist of
measures of speed of retrieval from long-term memory, short-term memaory scanning rate, probability )
of transfer from short- to long-term storage, and the ke, On the opposite end of the debate are those
who suggest that the fundamental insight of cognitive science is that cognitive skill reflects primanly
knowledge rather than general processing capabilitics. This perspective has led to calls for testing
intermingled with instruction, testing aimed at measuring what students know and what they have
fearncd in the context of their current instructional expericnce (Embretson, in press; Glaser, 1985).

This has been called steering testing (Lesgold, Bonar, & Ivill, 1987) or apprenticeship testing (Collins,

1930). Between these positions are those who propose new kinds of cognitive tests that are not s
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' radically different from cxisting ones, but perhaps richer and more diverse in what they measure (Hunt, _\.:‘
] .N g
' . . a
' 1982; Hunt & Pcllegrino, 1984; Sternberg, 1981b). ;\
, .
)
s
. In this paper, we provide a status report of one ongoing program of rescarch, the Learning Abilitics it
» c.. (2
L] ’
E Measurement Program (LAMP), that has been concerned with developing new methods for measuring -:'
\.
! cognitive abilitics. We discuss some of our carly thinking on the implications of cognitive psychology -y
| . _
b for testing, and how we have adjusted our ideas in light of data collected in our cognitive abilitics :
» »
oY
. . . . ~ s A ‘.
; mcasurcment (CAM) laboratory. We conclude with a brief discussion of CLASS, the Complex v
i ’ o]
. L . . . Y.
Lcarning Assessment Laboratory, the sctting in which we intend to validate the new tests.! )
o
.7
i
1I. COGNITIVE THEORY AND APTITUDE TESTING ~
o
y ol
[ The idca of grounding psychological testing in cognitive theory is not entirely novel. During the )
v
- -
. e . -~
1970s and 1980s, the Air Force Office of Scientific Rescarch (AFOSR) and especially, the Office of :‘_\ X
l.‘ ) g
[ Naval Rescarch (ONR) supported a number of basic research projects which had the explanation of f_-.
]
¢
R
individual diffcrences in lcarning and cognition as a central goal. This rescarch largely concentrated on )
. . . . . . .I‘
the analysis of conventional aptitude tests, probably for two reasons. First, analysis of aptitude tests is o
important in its own right, as an attempt to determine what it is that such tests measure. But, sccond, s
{ v
. : . -
and perhaps more importantly, aptitude tests can be viewed as generic surrogates for tasks tapping )
more complex, slowly developing fearning skills. It is difficult and extremely expensive to identify and N
. : , L S
analyzc the information processing components associated with the acquisition of computer Ay
S
i -
programming skill; so goes the argument: 1t is far cheaper and more efficient to analyze the scemingly »
e
more tractable components of some aptitude test, such as an analogices test, that predicts success in PR
o
computer programming. And the fact that tests do such a good job in predicting training outcomes can .
. . . . . N
be taken as evidence that pretty much the same cognitive components are involved in both test-taking »
;Q'. !
and learning. :n,'
o
"
t’} y
L2

Mhis paper does not review the rescarch accomplished by Withiam Tirre and Linda Elliot
concerning individual differences in text comprehension. Readers interested in this area are relerred
to Tirre and Eliott (1987).
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The wave of aptitude research that was motivated by these considerations did not lead directly to

-,

improvements in existing aptitude testing systems, however. A number of new methods and

AR

techniques, such as cognitive correlates analysis (Hunt, Frost, & Lunncborg, 1973) and componential

-

analysis (Sternberg, 1977), were developed for analyzing aptitude tests, but the application of these

A

methods did not suggest how the tests themselves might be improved. There have been suggestions
that cognitive tasks exported from the experimental psychologist's laboratory might somehow be used
to supplement or even replace existing aptitude tests (Carroll, 1981; Hunt, 1982; Hunt & Pellegrino,
1984; Pellegrino & Glaser, 1979; Rose & Fernandez, 1977, Snow, 1979; Sternberg, 1981b), but after
almost 10 years, the research still has not been carricd out to an extent sufficient for determining

whether this is really feasible.

Probably the reason cognitive-based aptitude research has not translated alrcady into better tests is
that this has not been a primary goal of the research. Indeed, if the creation of better tests had been
the primary goal, the approach of analyzing and decomposing existing tests does not seem very
promising. If such research cfforts were completely successful, "if the research turned out better than

anvone's wildest expectations,” at best, new tests would simply duplicate the validity of existing tests.
I11. LEARNING ABILITIES MEASUREMENT PROGRAM (LAMP)

In contrast to some of the aptitude research projects previously discussed. our own work in
connection with Project LAMP has from its inception been focused on the goal of developing an
improved sclection and classification system. Our current cfforts fall into two categories. First, we arc

continuing to model basic cognitive learning skills and their interrelationships, and 1o explore different

methods for measuring these skills. Sccond, we have more recently begun thinking seriously about a

system for validating the new cognitive measures. The system involves the extraction of learning

indices, both on short-term (1 hour) and long-term (1 week) learning tasks, that will serve as criteria

» .
PR N

(s
NAy

against which the new cognitive measures will be validated. Although we have not yet collected data on

the long-term learning tasks, we have set up the faboratory, which consists of 30 computerized tutoring
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stations. In the remaindcr of this paper, we discuss these two catcgories of ongoing LAMP research. ’
~
We begin with a discussion of studies that have attempted to measure cognitive skills. e
. .. . »
Modeling Cognitive Skills: The Four-Source Framework o~
¢
Much of our work on identifving basic lcarning skills has centered around what we have called the -3
four-source framework (Kyllonen, 1v36). This is the idea that individual differences in a wide variety of
W
learning and performance tasks are due to difterences in four underlying sources: (a) effective cognitive -
processing speed; (b) effective processing capacirv; and the general breadth, accessibility, and pattern of -
one’s (¢) conceptual knowledge and (d) procedural and strategic skitls. Figure 1 illustrates these i
;
relationships. :
»
< J
-3
We refer to the knowledge and skill components of this model (components |c] and [d]) as enablers, e
in the sensc that any learning or performance task can be characterized as consisting of a necessary sct -
1Y
of knowledge and skill prerequisites. We refer to the processing speed and working memory v
components of the model ([a] and [b]) as mediators. in the sense that these components mediate the >
degree to which the learner or problem-solver is able to use his or her knowledge and skills effectively. =3
We have found the four-source framework to be useful in organizing our own as well as others’ ~3
research and in monitoring our research progress. Further, although we have not vet applied it widelv &
in this fashion, we expect that the system will be useful for task analysis purposes. N
o

Thus far, most of the research we have accomplished in connection with the four-source proposal

has been concerned with (a) improving the way in which we measure cognitive skills and (b)

determining the dimensionality of the skills and subskills embedded within the four-source model. We

S S )

now turn to a discussion of the four components, in turn.

Processing Speed =

RPN A
N "y
ML SO

Considerable research on individual differences in cognition over the past 10 vears has been

concerncd with determining the relationship between processing speed and performance on complex

PR ATOA
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ENABLERS MEDIATORS LEARNING
PHASES
i ‘ | : | |
£ \ 1 . | NOWLEDGE |
! KNOWLEDGE | i  PROCESSING i‘ :| K —
! CAPACITY ‘ | ACQUISITION |
i | 1
L B L lk (L;Aﬁ_ﬁ_ e
; ‘ - _MWH___iﬁ_M ,,,,, -
/ T “ SKILL
\ L 1 ACQUISITION |
» b
' | L
Y PROCESSING | SKiLL o
y SKILLS SPEED | AUTOMATIZATION
) | -
.i
]
- Figure 1. Four-Source Rescarch Framework, Performance in cach of the three fearmng phises
. (Knowledize Acquisition, Skill Acquisition, and Skill Automatization phascs: right side of
firure) is prosumed to be a function of the enablers (Knowledee and Skitis), the mediusory
(Processine Capacity and Processing Speed . and whether the prior learing phase is
- complete.
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| Lusks, such as intelhpence tests. There are a number of reasons for the gh fevel of imterestin

processing specd. One s that we now o mcasure (L The availability of microcomputers as testing

nstrmenis muaees i feasible to moasare, waih procsaon, response time o particular ttems. Paper-and-
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a9 did just that and found evidence for both separate reasoning, quantitative, and verbal processing

Fuly
LA

factors, and a higher-order general processing speed factor, Interestingly, we found that although

o

processing speed seores were quite reliable, at feast within session, they were not related 1o accuracy
scores on the same tests. Timed versions of the tests thus mix these two separable components of

performance in vielding only a single score. There are problems with this approach to testing the

WO e

dimensionality question, such as how to allow lor speed-accuracy trade-off, what to do with response

2 e

times when the person guessed incorrecth, snd so forth. But a more substantive problem is that

although the findings are svegestive, thes Tl Gonsiderably shortof revealing much about the processes

[ L

that produced themi.

'S
‘s

-
o "i
\
B * - . . - .
. Thus, in subscquent work we hase restricted our focus (and employed a narrower range of tasks) in
N
o N
the hope o aohioving o better process oriented understanding of the generality question. In these .
Y * .
N . . . . . - R
N studios, we attempted to identify processing stages, then measure the duration of those stages for Ry
N _ s
T individual subjects, then compute the stage inter-correlations. The procedure is bestillustrated by o
L) \‘-
» . i . . . ) . ) -
example. Tnthe G studs (Kelonen 1987w administered a sernes of tasks that required subjecets -
simply to determine whether two words prosented (Cg happy-lose) were similar or dissimilar with i~
9 . N e
J; ’:.
N rospect tosalence. Happy would be consaderad a positive-valence words lose would be considered o :-_
v, s
~ negative valenee ward, We presemed thar g decision on this task was executed after g series of .
3 . o
. processing stages. The subject begins by encoaing one of the words, then encoding the second word. -
. N N N " - -
8 N
. . . . . . . - o
‘o The result of the encoding process is that o symbol representing valencee is deposited in working "
™ N
memory for cach word, The subjoct then conpares those ssmbols The resalt of the comparison :
W, process is an implicit asserion that the svimbols are cither the same or different. A decision process
- o
- then tahes the compareson resultCand translates itinto a plan for the exceution of the motor response. ~
~* _"--.
A respore process then oscaate - the saotor respense,. Through the method of pro-cucing, which has
’, A
';- heen used with ome success in separating process components on other reaction time tasks (e, o
0 ..l
v, .
‘; Sternberg, 1977) we were able e independontds estimate the dusation of cach of those processing K
K
- -
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We also administercd two other versions of the task in which the only difference was that subjects 'I:
\ iC/
A
\ e
‘ werce required to decide whether (a) two digits were the same with respect to oddness or evenness, or .
s
(b) two letters were the same with respect to vowelness or consonantness. The data analysis addressed '_'

7

o
two questions regarding generality. First, were parallel measures of stage duration (estimates derived n
s'
. g
- . . . . l~
k from separate blocks of items) morc highly inter-correlated than correlated with other stage durations? Rt
3 N
This is a dircet test of stage independence. Second, were stage durations estimated from tasks with )
' :.- 9
\ different content (words, digits, or letters) more highly inter-correlated or were alternative stages taken S
\-i
! (rom same-content tasks more highly inter-correlated? This is a direct test of the relative importance :(._
T
.
of content and process. Although the analyses were rather complex, the general finding was that ’
]
. . vy
processes were somewhat independent, and also general across contents. That is, fast encoders were A

1’

not necessarily fast comparers, but fast encoders on the word task were also fast encoders on the digit

»
"
) L)
task. )
A
i
} One of the problems with this approach to studying dimensionality is that it relics on a model of :-Frr !
’
: 7
; performance that assumes scrial exccution of processing stages. In our more recent work (Kyllonen, hO
)
Tirre, & Christal, 1988), we have relaxed this assumption by applying both those models that assume :
o
scrial exccution and those that do not in estimating stage durations. (We also have abandoned the pre- _‘_:-'_
g cucing technique because its validity depends on the serial execution assumption.) Following Tty
)
. . . . kY
Donaldson's (1983) analysis, stage durations can be estimated in two ways. Assume an ordered set of _-.:
Ny
b tasks, cach of which can be characterized as requiring a proper superset of the processes of its ey
! N2
predecessor. For example, the following set of tasks, each of which requires processing a pair of words, o
. . . Lo . Lo . . i
might be characterized this way: reaction time, choice reaction time, physical matching, name .:
)
. . . . . . . ) -t
malching, scmantic (mcaning) matching. That is, reaction time consists only of a reaction component; s
(LS
3 . . “'l.-
‘ the choice task adds a decision component, the physical matching task adds comparison, name (Sd
)
matching adds retrieval from long-term-memory, and semantic matching adds search through long-term ‘:-‘
AN
' l.\.-
memory. N
NG
AN
’
3
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One can cstimate each of these stage durations either by subtracting latency on the predecessor o,
ed)
A
task from latency on the target task (the difference score modcel), or by statistically holding constant the ‘:-F
ot
duration ol all predecessor tasks (the part corrclation model). The two models employ differing 3.
.
. . . _ <
assumptions about the relationships among task components. The difference score model assumes .
N
v
. : . . i \
nothing about the relationship between the duration of the target component {¢.g.. compar.son) and :-.
. o
the duration of the predecessor tass (o, chowee reaction time). Thus, this correlation is a parameter L1
b ~ g

1o be estimated. But the cost of this flexibiiity s the assumption that the duration of the target

component (c.g.. comparison) remains constant, regardiess of whether the component is embedded in
the physical matching task, the nane matching task, or whatever. Conceptually there are two problems
with this assumption. Consider the reaction component. 1t may be that reaction is rapid when nothing
else is going on, as on the simple reaction time task, but slow when it follows complex processing, as on
the scmantic matching task. Or it could be the opposite. due 1o parallel processing: Reaction appears
slow on the simple reaction time task because it is the only process executing; but vn the meaning
identity task, the reaction begans belore decision ends, and thus appears fast tas s specified in process

cascading moduls, McClelland, 1979),

The part correlation model avoids this assumption and allows for vanability in stage durations over

different tasks, This is represented as freedom in the regression weight associated with stage duration

L

to differ from 1.0. But in order to achieve this fleability, the part correlation modal must compensate

v

with an assumption not required with the ditference score model. In the part corrctation model, it is

L

YN

assumced that the duration of the target stage is uncorrelated with the duration of the predecessor task.

For example, the duration of the comparison component in the context of the phusacal matching task

ol
LR
P

would be assumed to be uncorrelated with response time on the choice reaction time task.

.
[
P
PP

B

Which of these scts of assumptions 1s correct, those associated with the part corrclation model or

'@

e
N

those associated with the difference score model? Ttis not possible to tell, but it s possible to employ

2
'l '& 5

~

both madels and then to be confident of relationships only when the models agrece.
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We took this approach in attempting to estimate the relationship between processing stage
durations and performance on a vocabulary test, and also on a paired-associates learning task.
Vocabulary is an interesting test case because it is a good measure of general intelligence. The curremt
view is that breadth of word knowledge reflects efficient fearning processes in inferring word meanings
in context (Marshalek. 1951: Sternberg & Powell, 1983). An additional motivation for looking at
vocabulary as a criterion was that a conaiderable literature has evolved from Hunt and colleagues’
(Hunt et al.. 1973) carly finding of a relationship between the duration of the retricval stage (as
estimated by the difference between response time on the name and physical matching tasks) and

verbal ability.

Contrary to Hunt et al. and other presious work, however, we did not find much of a relationship

between retreval speed and vocabulary (7 = 17,8 = 710), but we did find a strong relationship
between search speed and vocabulary (7 = 49). Subjects capable of quickly accessing semantic
attributes of words, controlling for how quickls they did other Kinds of information processing, had

larger vocabularies than did other subjects.

We found a similar relationship between processing speed and fcarning, but only in particutar
circumstances--namely, when study time en the Tearning task was extremely short (.5 to 2 seconds per
pair). The component analysis again made it posaible to solate the semantic search component, as
opposed to other processing speed components, as the one consistently most eritical in determining
learning success. Over a number of studics (which varied on block size, recognition vs, recall

responscs, cte.), the correlation between learming success and response time on the meaning identity

test, controtling for (or climinating by subtraction} response tme on other intormation processing tests.,

ranged from 7 = 30 tor = 3. {n some studies, other information processing specd components

predicted [earning outcomes. but onlv inconsistently

We currently are engaged in two lines of exiension to the processing speed work. One is motivated
by the idea that information processing speed mas be closely tied to working memory capacity insofar

as both measures reflect the dvnamic activation Lo b ol a memory trace {(Woltz, 19%7)0 Anintriguing
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EXAMPLE ITEMS FROM TESTS MEASURING ATTENTION CAPACITY
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ABCD TEST
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ALPHA RECODING TEST i

h ) ‘ AFTER MENTALLY TRANSFORMING
. ‘ R F N -3 ) ALL THREE LETTERS THE ‘
i X . i b . ) : - " SUBJECT ENTERS THEM AS A SET

AR
Y,

e

o<

(Lo

SUBJECT IS GIVEN 2 SECONDS
TO ENCODE PROBLEM THEN
THE SCREEN GOES BLANK
HE PRESSES SPACE BAR WHEN
s s HE 1AS MENTALL Y SOLVED THE
T N T e PROBLEM AND SELECTS ANSWER
e R L Do " FROM 5 ALTEHNATIVES IN 3 SECONDS
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defined by the Numcerical Operations subtest (¢ = 75), but it also was significantly loaded by latencics

from the Mental Arithmetic Test and the Sunday Tuesday Test (¢ > 30). The basic pattern of results

found here has been corroborated 1n a recently completed follow-up study.

L
J

. . . ~

Fokon together the tesu'ts suggest the smvolvemnoet of both domain kaowledye (quantitative and Y
-

..:

v orbaly and o doman independent working rmemory in memary test performance. In addition, it
appea s from the data over the two stuas < that the Waorking Memory factor sutsumes the Reasoning
factor, Thatwoindidual difterences i o e onme proficienay may be due entircly to differences in
vorkme momory capacity. Chesial notes thyt tae factor on whach all the reasening tests in the battery
Larded hichis v a Workeag Menory tactor e that the test that defined i, Alpha Recoding (7 = 68, in
e foliov. up study), doces not appear tonvolve reaseming per se but clearly depends on working

IO Y U :[}.

e

¢ <

Ruecentle, we hunve begun ncsiipati e an sltersnative to the procesang workspace model which is

A%y
e

bascd onadidicrent conceptuaization: of working memory. The scivation capacity model, hased

Ay on Nvnder s (1R NCTE theens acbine worling memaory, ot as o~ parate short-term
store but rathor,as astate of fluctuaning activation patterns charactenizing traces in long-term memors.

Avcordimy o this theory ong term e mony as o network of traces, cach charactenized by resting

‘ ! ) '

ciancio e Trac bocome sotnelod A o he boceae the tocus of altontion, or are binked (o ..
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+ b ; [ f\

the tocus of witeniwn, then fade into a - tare o deachvatica as cther traces mose te the center of focus, o~
-':.n

Workame memiceey sosard to beoa Tmattor of e ree” rather than an all or pone sate, in that at any wiven o~

. ‘ . o ]
wam, g trace mnchobe the focus of witen o G thereby be gt apeak activation levedy or it might ~
be continuousty fadimg trom attcation ), for caample, it was the focus a tew ~seconds carlier -7
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EXAMPLE ITEMS
fate teatiny
humid damg
coamplaln thunder
humid damp
polite cour'eous
palite Kind'e
asluaish unstabie
vonquar srrange
vigat v guast
varan! emply
compiain Alipe
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MEASURES OBTAINED

1. Verbal information

Processing Speed

M 1288 mu SNa328 ms

2. Rasidual Activation

Strength

Lagof
Repenled

item

.

«“

Mear

Savinges

181 m;
TEams
108 ms

107 s

S0

Savings

215 me
229 ms
214 ms
216 ms

{100 ) Procedure ind Resaltung Statistes tor SMoasuring Momon Activation
Coapacny
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response time is 1265 ms if ncither of the words was shown before, but that time is reduced by 191 ms
if one of the words was encountered on the previous item, and by 107 ms if one of the words was
encountered cight items ago. The interpreration is that the word encountered even eight items ago is
still more highly active than it would be at s truce resting state, and therefore is processed faster.
Woltz arguces that inaividual differences in the response tme faaihiation cffect refleet differences in

activation capacity.

Given that we can define woerking memon capacity intwe distinet ways, an important aext guestion
is: What is the empincal relationship between the two kinds of measures, and even more importantly,
what is theis relationship ty Learning? Cognitive analyses of fearning tasks (Anderson, 1987; Anderson
& Jeffries, 1985), such as mathematics learning or learning a computer programming language, suggoest
that the bty fucior inccerrnme o he woramy memory bottieneck. But the proof of this assertion i
often rather theoretical, based ona ronal analvsis of learning task requirements, supplemented by a
formal computer simulation of learning processes. An individual differences analvsis of the role of
working memory in learring can be o uselui suoplement o this kind of Tormal analvas, and isa fair et
of the theoretical clatm (Underwood, 1975). Thus we buve recently begun investigating the
relationship between working memory capacity (s measured By tosts cuch as those displaved in
Figures 2 and 3) as:d serformance inreahsic feaning contexte We correnthy are investigating the
acquisiion of ¢hcteon troudioshootme (Kvllonen, Stephor & Wolty, 19SS and computer
programming <kitle (Kyhonea, Soule, & Stephens, 1956 and othoer procedural learning tashs (Weltz,
7y Inall cases, we find that veorking memaens, 2+ imbicated by both the prosessing workspace and
actvalion ¢apadty mcasures is w strone predictor of s owcome The o analvaes are beainning
to clarits oor andorstanding clworrngy meer Tieowserhies alse suggest thncthe particutarn tests o
working momory capacity that 07 Topod e 2and 31 are <ohd candidates tor

mcluston in futare tooane baiteries.
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Pooh oo e asie slar purpose doandiner, Pean). WO are cuirently using the sentence verification
technique for trocking the seeumulaon o declarative knowledge during the course of short (45
mintiosy cotrnctiopal cuisodes e coana cvedcenmng Ceoilonern, Soule) & Stephens, 1988) and

clectronics rouhicshooting {Fodjonen, . snhens, & Woltz, 198,

adth dimensions of knowiedge may benefit from recent

toeon the messirting e ¢F e Jepin ang

o rast fmacvelive reenal deve!l prentsn probing declarative knowledge

work in cognifive ¢
fne bocs voosed By s eners oo b acioovesiond teating (Fredertksen, Lesgold, Glaser,

1

co stafroian pross, Glaser. Lo el 1985 Lesgold et al., 1987). Glaser ct

Fir z;ft"*"

Valternaried maitipla-cheiee tests, suffer two key

Olopeistout gl eurrent pagied
Growh cbe b rthe slioroain s cannon o v ey aonate all the p()SS’ith mi.sconccpli()ns a
sudent conlt o onesy and thas oo o7 e diueealic stility, Second. the alternatives may give away

th o anse o as has Poen shewss o e

Coresur ol discue e s b L oo i e appreoaches 1o knowledge assessment, which in

SOr e s T eacols eatraceed from students struggling

Coaiyast Tepy L
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strategy. Second, the hierarchical arrangement can closely mirror the way in which a student is

thinking about a problem, in a kind of top-down fashion.

Thus far, this approach to probing an individual's knowledge has been employed in one of the
CLASS tutoring systems. Bridge (Bonar & Cunningham, 1986), which teaches learners how to
program in Pascal, preseats general programming problems to be solved. At the top level (the first sct
of questions), the alternatives are general categories or gencral approaches to the problem (c. g., "add
something together” or "keep doing something”). Once the student sclects a category, he or she is
presented a list of alternatives that refine the category sclection, and so on, until a {fully specified
answer is sclected. From pilot testing using Air Force subjects, the method has proved general encugh
to accommodate the vast majority of potential responscs to particular programming problems;

thercfore. the approach seems highly promising as a way of assessing knowledge status in the student.

To summarize, although we have not vet fully explored the domain of how to probe a learner's
declarative knowledge basc, we have made some important initial steps. It is likely that as we begin
further testing in the more complex tutoring systems environments, the methods described in this

section will be refined further.
Skills

We define skills or procedural knowledge as it is referred to in the cognitive scivnce literature, fairly
informally, as any unit of knowledge that is typically or would likely be represented in production
system simulations in the form of an if-then rule or series of if-then rules. Thisis any knowledge or
skill the student has that might bear directly on problem solving ("how-to knowledge™). Procedural skill
varics widelv along the generality dimension; at the most general level are problem solving heunisties or
approaches, such as working backward, means-ends analysis, or persisting in the face of uncertamny
At the opposite end of the continuum are very spectfic procedures, such as moving the cursor to

position 12,45 when required to delete a character at position 12, 43
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. One fairly consistent finding in cognitive research is that although specific procedures are trainable, ':': :
: general procedures are quite resistant to modification. This finding is certainly not due to a shortage of :4 ‘
attempts to modify general skills. Kulik, Bangert-Downs, and Kulik (1984) reviewed over 50 studies of "
‘ . the effects of extensive coaching for the Scholastic Aptitude Test (SAT). They concluded that the ‘
: effects, even for long-term training, were quite small (approximately one-sixth to one-third standard '_;’4“
j ) deviation, or 17 to 34 points). The 1osults of Venezuela's Project Intelligence (Herrnstein, Nickerson, ;’ ,
; de Sanchez, & Swets, 1986) may be seen similarly as somewhat disappointing. Despite an ambitious EZ
1 ~
project in which domain-frec thinking skills were taught 4 days per week, in 45-minute lessons, for an :E
entire year, the actual changes experienced on standard measures of cognitive skill (intelligence tests) °- ]
Y were quite minuscule (about .3 sd). These findings should not have come as any great surprise. E:E )
. Attempts to have students transfer general problem-solving approaches to superficially distinct but .E \
§ D¢
isomorphically identical problems have repeatedly failed (e.g., Brown & Campione, 1978; Simon & ',
[ y Hayes, 1976). _\
3
N On the other hand, there is good evidence for the modifiability of specific skills, especially in iy
. context. Schoenfeld (1979) has shown how training in mathematical heuristics (e.g., draw a diagram, :-' -
-
) simplify the problem, test the limiting case) can facilitate subsequent problem solving so long as the E.E_
‘. instruction is wedded tightly to the domain material simultaneously being taught. Recent analyses of ::
transfer of training have shown that skill transfer is excellent and quite predictable when the skills \::
-"’
' transferred are related at some conceptual level to the new skills (Andersan, 1987; Kicras & Bovair, .',':
.
1986). .
| The implications of these two results for testing purposes are apparent. On the one hand, specific ::'
| &
) procedural knowledge is rather casily modifiable and therefore ought to perhaps be trained rather than _:_:_:.
.,‘ tested for, at Ieast in the personnel selection and classification context. Recent work on diagnostic :
F monitoring (Frederiksen ct al., in press; Lesgold ct al., 1987) shows how tests can be used to tailor
instruction and are thus appropriate for this purpose. On the other hand, general procedural ‘
‘ knowledge should have an important predictive relationship to learning ability, and it seceins to be fairly _
o
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- immutable. General procedural knowledge, therefore, is an ideal capability to test for in entrance E'A
: (selection and classification) testing. It is interesting that researchers from very diverse perspectives-- ‘::
psychometric (Cattell, 1971), information processing (Sternberg, 1981a), and artificial intelligence ’
R ]
) (Schank, 1980)--have argued consistently for the importance of the ability to cope with novel problems "
E as a key aspect of intelligence, and therefore as an ideal candidate for inclusion in aptitude test S. ]
: batteries. :
, Do we now test for general procedural knowledge, or general problem-solving skills? As was the \
- case with declarative knowledge, there certainly are in existence paper-and-pencil tests that would .':;-
! Y appear to tap very gencral problem-solving skill--Raven's Progressive Matrices being an excellent :
‘ example. And about 7 years ago, ETS began supplementing its existing Verbal and Quantitative l:
=~
| portions of the Graduate Record Examination with a new test of Analytic ability (Wilson, 1976). The ‘"
- ASVAB comes close to testing gencral problem-solving ability with the Arithmetic Reasoning subtest. -4
- >
:- This subtest consists of story problems such as “How many 36-passenger buses will it take to carry 144 E:-
: people?” (DoD, 1984). Recall that the Arithmetic Reasoning subtest loaded highly on the Working E
N Memory factor in the Christal (1987) study, which suggests an intriguing research question: What is _
\:‘ the relationship between working memory and procedural skill? :
? We can think of working memory capacity as mediating the development and efficiency of general .
“~
; problem-solving strategics. But an alternative view of the relationship between the two constructs :j
- -
Y assigns the central role to working memory. Baddeley (1987) has proposed a model of working
:- memory consisting of various slave storage subsystems (for storing linguistic information, spatial
E information, etc.), along with a central executive which monitors and coordinates the activities of the \
‘ : subsidiary storage systems. Executive skill, then, is skill in monitoring one’s problem-solving processes,
A adapting to changing task requirements, successfully executing general problem-solving strategics, .
N allocating resources where they are needed, and more generally, changing processing strategy in i-
:. accordance with changes in processing demands. '-:‘.
N g 3
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. In this way, the executive can be secn as the most important component of working memory. Yet, 23
- ‘o
- : . : . o
. though we have a reasonable understanding of how the subsidiary storage systems function, according N,
o>
to Baddeley the workings of the central executive still remain largely a mystery. An important and o
. o N : : -
exciting rescarch direction is to begin devising means for measuring executive skill and thereby begin oy
"
| Ko
unraveling that mystery. .
.
;’I
- Modeling Learning Skills o
: -4
. f-'
. ~ . ,D'
Leamning Skills Taxonomy
If we can adequately measure knowledge and the various skills associated with the four sources, an N
important next step in the rescarch program is to demonstrate the relationship between those scores N
. N
and scores generated from a trainee’s interaction with a learning task. We believe that learning should M
.‘ [
. . . . .. Ly
"'l' be expressible in terms of (i. ¢, predictable from) the underlying components, but it is necessary to A
Y prove that this is the casc. -
- -
Much of our research until fairly recently has used grossly simplified learning tasks as criterion A
. mcasures against which to validate the new cognitive abilities measures. For example, in the Kyllonen- >
Tirre-Christal (1988) study, performance on various paired-associates tests were uscd as criteria; and in \
other studics, we have employed comparably simple, short-term learning tasks. The logic underlving o
--‘-
this decision is twofold. First, we are concerned with developing rigorous models of the aptitude- j'.:i
N
learning-outcome relationship, and simple, short-term learning tasks afford more contro! over the .
instructional cnvironment. But sccond, we believe that the kind of learning involved in even these s
e
simple tasks 1s at some fundamental level the same as that involved in more realistic learning situations. j‘.
.ﬁ"
. . ]
Or, conversely, even apparently complex classroom learning can be analyzed and decomposed into a AOA
) series of much simpler learning acts.
- ": 3
. If we accept the notion that even complex learning tasks can be broken down into their constituent
lcarning activitics, then it obviously would be useful 1o specifv the nature of those basic learning
'\ﬁ "-{
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N
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activitics. One proposal that has been useful in our work, based largely on Anderson’s (1987) three-

N

stage model of skill acquisition, is represented on the right side of Figure 1. The idea is that cognitive

skills develop through an initial cagagement of declarative learning processes (“memorizing the steps”),

n;.lf: Y

followed by an engagement of proceduralization processes ("executing the steps”), then finally A
u
!.*
> refinement processes ("automatizing the steps”). As Figure 4 shows, different performance measures ~
[ el
will be sensitive to the course of skl development at various points along the way. When first learning ;
: .
. a skill, many mistakes will be made, and accuracy measures will be the most sensitive indicators of skill e
> : g
o
' . . . . . ‘ll
3 development. Later, when the skill is known, few mistakes wall be made, and performance time "ol
.
P4
measurces will be the most sensitive indicawors. Still Jater, performance time will approach a minimum 7
- - i
as the target skill becomes increasingly automatized, but there might still be considerable variability in _‘3‘.
‘ >
whether (and how much) other processing can be occurring while the target skill is being executed. .:;-
i -
.
. . . - . . .\.
We (Kyllonen & Shute, in press) recently elaborated on this simple taxonomy in proposing that in 7
-~
.. . . . « . - . -\
addition to the status of the skill (1e., whether the skill is in a declarative, procedural, or automatic o~
™
state, which we identified as the krowledge-type dimension), learning could be classified along three .
. other dimensions: the leaming environment, the domain, and the learner's cognitive stvle. -
b
The leaming environment specifies the nature of the inference process required by the student: The :-;‘
simplest learning act invols 2 rote memorivation. Learning by actively encoding by deduction, by -
e
. . . L . . . . ")
. analogically reasoning, by refinement through reflection following practice, by induction from )
. e
. . . . . . e
: cxamples, and by observation and discovery involves successively more complex processing on the part g

oy

of the tcarner. The seeond dimension, the resulting Anowledge-type, as indicated above, specifies

e
whether the product of the fcarning act s a new chunk of declarative knowledge (a new fact or body of RO
b, fact<) or new procedural knowledge (a rule. o skill, or a mental model). The third dimension, the "
B = gl
- . . . . . . . 1
y doman, reters to whether learning is oceurning in a technical, quantitative domain or a more verbal, P
3 non-technical domain Together, these three dimensions spectfy a particular kind of learning act. The .:-'_.
g~ .’.Il
g . ) : . . DA
fourth dimension, the learncr's cogmitive stvie, is a property of the learner rather than of the -
o "
instructional situation per se. But we included it in recognitio. of the possibility that we cannot be .
) P
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Figure 4. Pcrformance Curves for Three Dependent Measures as a Function of the Stage of the Skill
Being Mcasured. The different dependent measures are optimally sensitive to individual
differences at different stages.
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cortan on any task of what learning skillis being assessed unless we consider how the fearner s :.:
D approaching the task. :.
)
A -
S Our proposal, which has not in any sense been put to the test, is that the taxonomy should prove ~.
. o
uscful in two wavs, First, it provides a sampling space from which we may draw lcarning tasks. The o
goal of the LAMP effort is to model learning ability using cognitive skill measures; the taxonomy A

speaifies the range of learning tasks for which we must develop adequate models. Sccond, in reverse

S tushion, the taxonomy specifics the kinds of micro-level learning acts that combine 1o make complex i
. lcarning. This aspeet provides a task analysis tool. Our idea is that we can inspect the requirements of
any complex learning sitwation, in the classroom or i front of a computer, and specify what learning _’:
1
a A .. A . . q
. acts are oceuiring. Given any instructional exchange, we can find a cell in the taxonomy that represents ":‘ Y
. ]
w3
that ¢xchang. Ca
. . : : i
- Complex Learning Assessment (CL.ASS)
. ¢l
. ‘.l. B
- .:" 4
) One potential stumbling block for any program like ours is that it is not casy to monitor progress. o
Fo determine whether our innovative measurement methods are valid predictors of learning success, it _
N s necosaany 1o observe students engaged 1n learning. Two approaches have traditionally been taken. 2
~ o~
One s 1o validate the new tests against some criterion reflecting success tn operational training, such as -
™~
final course grade point average. The benefit of this approach is that inferences from the rescarch are N
AN
direct, but there are a number of drawbhacks: Data collection is extremely slow, instructor quality is :
. ‘\
. highly variable and mav interact with learner characternistics in affecting learning outcomes, and there s N
no allowance for manrpulating the fearnimyg task i any way so as to allow “what-if" questions regarding ,:
. ':.‘\
P vahidity (c.g., "what if the instructor encouraged more questions, would that differentially affect student N
” -,.-
- . T
. outcomes?"). oY
- ":'"
: The second approach s to simphfy the learning task such that it is under the experimenter's control .
: N
- and can be admimstered within a single session. With complete control over the fearning task, one can o
) N\
»

ask and test what-f questions casily. Unfortunately, in so modifving the learning task, the rescarcher

.
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cannet nevessarily continue ta assume that the instruments shown to be valid in the experimental

context will preve to be valid in predicting success in more realistic learning situations,

Qur soluiion to the vahidity problam represonts o compromie between these twa positions. We are
st Sleagareg T pent compatanzed it nterme o toach computer programming,
cotver s troubloshoating . and fhght encve i m se henr prin-courses (Learnmg Rescarch &
Developieni Conters 157y e adidtion ac wall add new msine-courses over the next several years
The rutonng svstees are bemne do ned 1o produce v ooh vanety of indices of the learner's curriculun,

e wad R or e prowrosson acgunny e new keowledge and skills oy taught. The

TR Y
vadering s toms are sufhe s dexitde so that s casy to modify the instructional strategy and thus
aw what ogaesions, Thd learnsaniavalved, Bowever, s not tnvial, 1t has been estimated that 1 hour
of tutored insiracien w cquivalen: 1o approsimatedy 4 hours of regular classroom instruction
(Anderson, Bovle, & Reiser. 1954 tnus, these mini-courses are gnite extensive. A major goal of our

current research ctforis 15 to use the taxonomy (o gencrate the most expressive tndices of the student's

lcarning cxpericnce.

We emvasion a broad raage of escarch questions that can be addressed once we begin gathering
data wuhoonese kinds of oot coindices Firat the indicd s ¢ serve as alternatives to end-of-course
achrevament et wcores os erena D valiplating nove cogninve aptitude tests. Anindex such as
“probabibity of rememberning an nstruca nal proposition 1as a function of the amount of study and
presentation {ag)” 18 more prease and potcutialy more voneral than g broad achicvement test score
Such a hine breakdown of the icamimy - apenicace wizo poroite enhbanced anadvaes among the indices
themselves For example. we can bewin investizating more preamelv guestions concerning the

relationship between imtial knowledge acquisition and the subseguent ability to turn that knowledge

into problem-solving skill, or the abthiy (o tune that <hill with more problem-solany experience.

Finaliy, developing rich profiics oban individuot learnes s strenpths and wezknosses in the form ol

eluborate aoomblies of Lararne mdice should pormit o reassessmiont oo the aptit e treaimens

interaction T T idea rocoatac s Snow 10T Prababhy the tcondbasvoness b T reacar

29

PR R RS

PAC I 4

Pl




N e e N ey T e, e Y
N (O S CRNLY EAY

can be traccd to the employment of global aptitude mdices and global learning outcome measures

aloug wath pragmatic imitations on instructional vanation. The tutoring systems being developed

veereeme these imitations by gencrating richer traces of a learner's path through a curriculum, and by
|
.

being ~ufficn niy ffexable 1 sliow poteatiadly unlimited varations in how instruction is presented.

V. SUMMARY AND CONCLUSIONS

This papar ha ot Hned sonis of the rescearch achivities underway as part of the Air Foree's Learning
Abilines Mearurement Procran (LAMP) The nugjor goal of the project is to devise new models of
the nature und organtzation of heman shilites, with the long-term goal of applying those models to

improve carrent personnel selection and elassiiication systems.

A n gt e b s amerions endertshing, we have divided the acuvities of the project into two
caleeories, The first catevory o concerned with identifving fundamental learning abilities by
Aetermemiage how fcarners differ in their abshities to think, remember, solve problems, and acquire
Lnowledes and Kl Fror roscarch already completed, we hove catablished a four-source framework
that swumes that oberved Boarner ditforences are due to differences in information processing
cthiceney workie memory Cpacity: and the breadth, extent. and accessibility of conceptual knowledge

. .
vad e cdarat an bt o kot

[he scvnnd caton v of e carch acin eies - conceracd wath validating now inodelds of fearming

¢ b Lo do the, we wic pucdmar a number of computerved mtelinzent tutoring svatems that serve

Sh e on R e cechas corpitten pios e e and cledtronies troubleshootings A
Pyt e D thes part ol e provrem e descdop ponapios for prodacing mdicators of student
icartne prosress ancd ache coent These msheators will serve as the dearninge cutcome measures

A Dwhich newiy covaepcd b, et testowal e evalunded i butare vohdation stadies. The
meoat s oo b g aasd o de i e e Porroos of bnowlodec and skl aequisatson
e an studios that afiemips ot e oD e e e st ob an boetnpe nete lor lcarner
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